is an open access repository that collects the work of Arts et Métiers ParisTech researchers and makes it freely available over the web where possible. A 40 phr carbon-black filled styrene butadiene rubber has been submitted to several experiments in order to identify the physical damage responsible for the mechanical softening recorded upon first stretch. Damage in the rubber matrix was determined by swelling. The filler structure alteration was monitored by electrical conductivity measurements. Both damages are shown to be of minor importance compared to the substantial mechanical softening undergone by the material. Degradation at the rubber-filler interface may be recovered by exposing the material at high temperatures in vacuo.
Introduction
When comparing the stress-stretch responses of filled and unfilled rubbers, filled rubbers evidence substantial softening, upon first stretch, known as the Mullins effect (Fig. 1) . From a mechanical point of view, the phenomenon is well known. An activation criterion has been established [1] and various constitutive models have been suggested (See references within [2, 3] ). From a physical point of view, various interpretations have been given [2] , which may be arranged in three categories, The present study aims at understanding which physical changes within the material are responsible for the mechanical softening.
Recent experiments measuring the macroscopic volume change during cyclic uniaxial tension [4] have shown that while vacuoles form upon the first stretch, they do not reopen during the subsequent loadings and therefore the mechanical softening cannot be explained by the presence of voids. This result has been corroborated by other studies cited in [4] . Assuming that the material softening is due to damage within the rubber matrix, the average molecular weight of the network chains, characterized by swelling tests, should increase significantly. Yet, according to [5, 6] rather small changes are observed by swelling. Electrical conductivity experiments [7] have shown the fracture of the filler network upon mechanical stretching. Nonetheless, while the Mullins softening is strongly anisotropic [8] , the electrical anisotropy is rather small, and [7] suggest that while concomitant the network alteration is not the cause of the Mullins softening. In filled rubbers, macromolecular chains become attached to fillers creating physical crosslinks. Various authors (see in [2] ) suggest that the Mullins effect results from molecule slippage and detachment at the filler surface. Experimental results from swelling tests show that the drop in physical crosslinks is not significant enough to explain the Mullins softening. As a consequence, in order to understand how the degradation of the rubber-filler interface may have such a drastic impact on the mechanical response of the filled rubbers, another explanation must be taken into account. Actually, the micromechanics analysis of the linear viscoelasticity of carbon-black filled rubbers is in favor of the existence of a layer at the rubber-filler interface significantly stiffer than the rubber matrix due to restrained mobility [9] . A degradation of this layer, by desorption for instance, may have a significant impact on the material stiffness. Moreover, Luo et al. [10] noticed, thanks to NMR observations, that when heated at 80 °C, free chains adsorbed at the carbon-black aggregates surface, which could explain the Mullins recovery at high temperature in vacuo [2] .
In order to re-examine the latter theories, a carbon-filled styrene butadiene rubber has been submitted to mechanical tests, swelling tests for the rubber matrix characterization, and conductivity tests for identifying the fracture of the filler network structure. Pre-stretched and virgin samples have also been stored at 80 °C in vacuo and at -18 °C in a freezer before subsequent mechanical tests in order to better understand the physical properties linked to a possible Mullins recovery. 
Materials and experiments

Materials
A styrene butadiene rubber (SBR) gum, random copolymer with 15% mole fraction of styrene with a molecular mass of 120 g/mol and a density of 0.94 g/cm 3 filled with 40 phr of N347 carbon-black is considered. The material was manufactured by Michelin into plates of 2.5 mm thickness. Monotonous tests were performed to pre-stretch the material. For this purpose, rectangular specimens of 40 mm length and 10 mm width or dumbbell-shape specimens of 20 mm working length and 4 mm width were used according to the geometry requirements for the following tests.
To monitor the Mullins softening, cyclic tests with increasing the maximum strain at each cycle were performed on dumbbell-shape specimen of 20 mm working length and 4 mm width.
Dynamic mechanical test
Dynamic mechanical tests were performed in uniaxial tension using a DMA Q800 from TA Instruments. 
Swelling characterization
The average molecular weight of the network chains between crosslinks in rubbers may be determined by swelling tests. According to the rubber elasticity theory, the latter parameter relates directly to the Young modulus of the rubber gum. Therefore, swelling tests may be of interest to assess possible changes within the matrix due to the Mullins effect and resulting on a change of average molecular weight. Virgin and pre-stretched samples may be submitted to swelling tests for comparison.
According to the Flory-Rehner relationship [11] , the molecular weight depends on the polymer density, the functionality of crosslinks, the volume fraction of rubber in the swollen samples ( ) and the interaction parameter between the polymer and the solvent. When comparing virgin and pre-stretched samples, the only changing parameter is the volume fraction of rubber that is measured by swelling.
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Therefore, this quantity is measured according to the following procedure. Dry material samples were immersed in pure toluene in sealed container at room temperature until swelling equilibrium was reached. The weights of the swollen samples ( ) were immediately measured. Finally, samples were dried and weighted ( ) a last time. The volume fraction of rubber gum within the filled SBR may be calculated using the following equation [12] :
with g/cm 3 the SBR gum mass density, g/cm 3 the toluene mass density and the mass of the carbon-black within the samples, which is given by the relation thanks to the material composition in mass listed in Table 1 . Equation (1) accounts for the volume fraction of fillers, which as rigid particles reduce the sample swelling. This simple correction may be insufficient for quantitative estimates of the degree of crosslinking, since the presence of rigid particles also restrained the polymer swelling at the filler-rubber interface [13] . Nonetheless, Equation (1) allows comparing the swellings of the virgin and the pre-stretched filled materials in order to detect the impact of pre-stretching on the polymer network.
Note that in order to estimate the possible damage during the swelling tests, due to the local state of tension [13] induced by the presence of the carbon-black fillers, some of the virgin samples were uniaxially tested after swelling and drying. They showed the same mechanical behavior as the virgin samples that were not submitted to swelling.
Electrical resistivity
Measurements of resistivity were carried out with a four-point contact method also known as the Kelvin method, which is illustrated in Fig. 2 . The battery is used to apply an arbitrary potential difference of 19 V within the circuit. The ammeter measures the current through the circuit and the voltage recorder monitors the potential difference that depends on the rubber resistance. The material resistivity is calculated using the Ohm's law:
with being the fixed distance between the points measuring the voltage and the sample crosssection area. Note that the Ohm's law was checked on the material by varying the arbitrary applied 6 potential difference and verifying the linear relationship between and . Current intensity was measurable above 0.1 μA, below this value the material is considered as not conductive.
Fig. 2.
The four-point contact method used for electrical conductivity.
The amount of fillers (40 phr) within the carbon-black filled SBR was chosen in order to experience
Mullins effect and to measure electrical conductivity (1/ ). Actually, Fig. 3 shows that the amount 40 phr of carbon-black within this SBR stands for the percolation threshold measurable by our instruments. in accordance with results from [5] . Swelling tests completed on virgin and pre-stretched samples of unfilled SBR evidence similar rubber matrix damage whereas the unfilled SBR does not show any Mullins softening (Fig. 1) . As a consequence, while some damage happens within the rubber matrix upon stretching, it is not significant enough to cause the Mullins softening. It is interesting to note that this test also shows the change of the number of physical crosslinks, since it does not discriminate chemical crosslinks from physical crosslinks. Therefore, the possible breakage of physical crosslinks is not affecting significantly the average weight of the macromolecular chains.
Finally, note that unlike [14] , swelling pre-stretched samples did not produce any recovery of the Mullins effect.
Table 2
Volume fraction of swollen rubber in the filled SBR measured by toluene swelling 
Effect of stretching on the filler network
Carbon-black confers electrical conductivity to rubber gum preventing electromagnetic interference and favoring antistatic applications. Once the percolation threshold is reached, electrical conductivity increases drastically as observed in Fig. 3 or in [15] . Upon stretching, the percolation path degrades [7, 15] . This may be observed by measuring the material resistivity after loading-unloading cycles. Fig. 4 shows the material resistivity after releasing the applied stretch, with respect to the maximum stretch applied. The resistivity increases linearly with the maximum stretch undergone by the material.
Therefore, the Mullins softening and the drop of conductivity are concomitant. Nonetheless, according to [7] the carbon-black structure breakdown has a strong impact on the material resistivity but much less on the mechanical behavior. Their conclusion is supported by two experimental results; first Mullins softening induces mechanical anisotropy while the material resistivity is barely anisotropic, second during subsequent mechanical cycling the material resistivity keeps increasing while the mechanical behavior hardly evolves.
Fig. 4. Material resistivity according to the maximum stretch uniaxially applied
In order to further investigate the relationship between the structure of the filler network and the material mechanical behavior, samples pre-stretched to 2.5 (150% strain) have been stored at -18 °C in a freezer and at 80 °C in vacuo before carrying out resistivity tests. It is known that when stored at -18 °C, the material structure is frozen and the material does not recover from the Mullins softening. To the contrary, when stored at 80 °C in vacuo, the material recovers from the Mullins softening [2] . Fig. 5 illustrates the effect of the 3-day storage on the mechanical behavior. As expected, no Mullins recovery 9 is observed for the sample stored in the freezer. More interestingly, the sample exposed to heat shows complete recovery of the Mullins softening and significant stiffening. Conductivity tests run on the sample after storage are presented in Fig. 6 in terms of normalized current intensity with respect to storage duration. The conductivity of both pre-stretched samples has been significantly altered by the mechanical loading and is not recovered after three days even when stored at high temperatures.
Therefore, while the Mullins softening is completely recovered, the material conductivity remains low indicating that the alteration of the filler network is not recovered. This result adds credit to the conclusions of [7] : while concomitant, the filler network alteration is not causing the Mullins softening.
In order to better understand the non recovery of the material conductivity, a virgin sample has been stored at 80 °C in the thermal chamber during three days. Fig. 6 shows that the virgin sample conductivity is also negatively affected by the heating storage. The latter result is rather surprising since heating a carbon-black filled rubber is expected to increase its conductivity [15] . It is believed that the molecular mobility enhanced by the raise of temperature has a negative impact on the material conductivity in this specific case because the material is very close to the percolation threshold. Actually, identical storage conditions applied to the same SBR filled with 50 and 60 phr of carbon-black and previously submitted to similar pre-stretching show partial recovery of the material conductivity and complete Mullins softening recovery. The resistivity measures evidence an alteration of the network structure after loading. If this alteration has an impact on the material mechanical behavior, it might also show at low temperatures when the material is in the glassy state. In order to test this assumption, uniaxial tension dynamic mechanical analysis tests were run on virgin samples and on samples pre-strained at 300% in the direction of the dynamic loading. Fig. 7 presents the resulting storage modulus and the damping factor with respect to temperature. The storage modulus shows a significant drop at high temperatures confirming the Mullins softening. At low temperatures, in the glassy state, both virgin and pre-stretched samples exhibit similar stiffnesses. Therefore, the filler structure alteration recorded by electrical conductivity measurements does not seem to affect its reinforcing properties. Fig. 7 . Impact of the Mullins softening on the material linear viscoelasticity through the glass transition.
Damage at the rubber-filler interface
Since damage within the rubber matrix and of the filler network structure cannot explain the significant softening witnessed upon first stretch, the degradation of the rubber-filler interface remains a possible explanation. [16] and [17] attributed the Mullins softening to breakage and detachment of the rubber chains from the fillers. [18] related it to chain slippage at the filler interface. [19] suggested a variant of [17] macromolecular theory interpreting the Mullins softening by both chain breakage and slippage at the filler surface. Some authors [20, 21] are inclined to believe that a layer of hindered polymer exists at the filler surface. The restrained mobility of this layer explains the filler reinforcement [9] , and its degradation may explain the Mullins softening. While several authors [7, 22] adhere to the rubber-filler interface degradation as the main source of the Mullins softening, the experimental proof is still missing.
Modifying the filler interface by adding adhesion agent modifies the filler-rubber interactions but also frequently induces changes in the filler microstructure parameters such as dispersion, cluster size...
According to [10] , heating a carbon-black filled SBR at 80 °C increases its chain free motion, boosting adsorption at the filler surface. Therefore, virgin samples were exposed to heating in vacuo at various temperatures during three days. Then, cyclic uniaxial tension tests were applied to these samples. Fig. 8 shows that once heated above a certain temperature, the material is significantly stiffened. In order to discard the interpretation of a possible post chemical reticulation, the unfilled rubber manufactured according to the same process as the filled rubber was also exposed to 80 °C during three days and submitted to cyclic uniaxial testing. The heated unfilled SBR exhibited the same behavior as the virgin unfilled SBR. Consequently, heating the sample at 80 °C is believed to make possible the adsorption of 12 the rubber at the filler interface. The layer of rubber adsorbed on the filler adds to the material reinforcement and allows Mullins recovery. Moreover, it was noticed that the behavior of the sample pre-strained to 300% and stored during 3 days at 80 °C is similar to the behavior of the virgin sample stored during three days at 80 °C, demonstrating the reversibility the Mullins softening.
This physical interpretation of the Mullins softening is consistent with the DMA results (Fig. 7 ) showing no effect of the Mullins softening on the mechanical behavior of the material in the glassy state. The impact of the polymer layer bonded to the fillers should only read in the rubbery state and within the glass transition, and not in the glassy state. In the latter state, the mobility of the entire rubber network is restrained and the difference of mechanical behavior between the bonded layer and the rubber matrix should be negligible, therefore its damage should not read. Finally, upon stretching, desorption is likely to happen first at the pole of the filler that are aligned with the direction of stretching, inducing non isotropic damage. Therefore, the proposed physical interpretation is compatible with Mullins softening induced anisotropy. Once the Mullins softening occurred due to uniaxial tension, the significance of the damage within the rubber matrix was explored by swelling tests. It was observed that the increase of the average molecular weight of the chains was minor and could not lead to a substantial drop of the material Young modulus.
Along with the Mullins softening, breakage of the filler structure was detected by conductivity measurements. While concomitant with the Mullins softening, the alteration of the filler network is not recovered by heating whereas the Mullins softening is. Therefore, the filler network alteration registered by electrical conductivity measurements does not result in significant mechanical softening for the filled rubber. In order to study the impact of the changes at the rubber-filler interface, samples were heated in vacuo. Actually, heating samples in vacuo increases the molecular mobility without risking aging, and free chains adsorb on the filler surface, creating stronger filler-rubber interactions.
Storage of virgin and pre-stretched samples at 80 °C in vacuo increased the filler reinforcement and induced Mullins recovery. Therefore, the layer of bonded rubber at the filler-rubber interface is believed to play a key role in the stiffness and the Mullins softening of the carbon-black filled SBR. The
Mullins softening observed upon first stretch is believed to be due to desorption of chains at the filler surface.
